The effects of V, Cr, and Mn on the magnetic, elastic, and thermal properties of FeCoNiCu high-entropy alloy are studied by using the exact muffin-tin orbitals method in combination with the coherent potential approximation. The calculated lattice parameters and Curie temperatures in the face-centered-cubic structure are in line with the available experimental and theoretical data. A significant change in the magnetic behavior is revealed when adding equimolar V, Cr, and Mn to the host composition. The three independent single-crystal elastic constants are computed using a finite strain technique, and the polycrystalline elasticity parameters including shear modulus, Young's modulus, Pugh ratio, Poisson's ratio, and elastic anisotropy are derived and discussed. The effects of temperature on the structural parameters are determined by making use of the Debye-Grü neisen model. It is found that FeCoNiCuCr possesses a slightly larger thermal expansion coefficient than do the other alloys considered here.
INTRODUCTION
During the last decade, high-entropy alloys (HEAs) 1, 2 have attracted significant attention as they open up a vast compositional space for alloy design. Unlike conventional alloys, HEAs generally consist of four or more elements with equal or nearequal molar ratios. The distinct design concept clarifies many important features in these alloys such as high entropy, sluggish diffusion, and severe lattice distortion. 3 As a consequence, they are more likely to form a simple, yet chemically disordered solid solution rather than a complex intermetallic phase despite containing multiple components, and most of them adopt face-centered-cubic (fcc), bodycentered-cubic (bcc), or hexagonal-close-packed (hcp) crystallographic structures. 4 A great variety of interesting and useful properties emerge in this new class of alloys including high hardness, 5 excellent strength and ductility, 6 outstanding thermal stability, 7 as well as good resistances to wear, corrosion, and oxidation. [8] [9] [10] Extensive studies have been devoted to design and optimize advanced HEAs with desired properties, 11, 12 and it has been determined that alloying has an important impact on the crystalline structure and the subsequent mechanical performance. 13 In the widely studied FeCrCoNiAl x system, for example, the as-cast structure evolves from the initial single fcc phase to a mixture of fcc + bcc duplex phases, and then a single bcc phase with the increase of Al concentration. 14, 15 In the FeCrCoNiNb x system, it was reported that the addition of Nb promotes the formation of a Laves phase, which brings about the increment in the yield and fracture strength. 16 Despite the appreciable efforts in experiments, a comprehensive theoretical understanding of the alloying effects on the fundamental physical JOM, Vol. 69, No. 11, 2017 DOI: 10.1007/s11837-017-2565-6 Ó 2017 The Author(s). This article is an open access publication (Published online August 29, 2017) properties is still missing. This may be attributed to the complexity of the problem related to the chemical and magnetic disorder in connection with the multicomponent nature of the HEAs.
In this work, we select the equi-atomic FeCoNiCu as the base system. This alloy possesses a single fcc solid solution phase, and it exhibits good plastic properties with the tensile strain up to 14%. 17 By using quantum mechanical first-principle methods, we conduct a systematic study of the effects of V, Cr, and Mn additions to the base alloy on the structural, magnetic, elastic, and thermal properties.
METHODOLOGY
The present calculations were based on the density functional theory in combination with the generalized gradient approximation. 18 The KohnSham equations were solved within the exact muffin-tin orbitals (EMTO) formalism. 19 The substitutional disorder was taken into account using the coherent potential approximation (CPA). 20 The paramagnetic state was simulated by the disordered local moment (DLM) model. 21 The muffin-tin basis set included s, p, d, and f orbitals, and the scalarrelativistic approximation and soft-core scheme were adopted. The Green's function was calculated for 16 complex energy points around the valence states. The total energy was computed via the full charge-density technique. 19 The present EMTO-CPA approach has been applied previously in the ab initio study of the phase stability, magnetic behavior, and mechanical performance for HEAs. [22] [23] [24] [25] The equilibrium volume, total energy, and bulk modulus were extracted from the equation of state described by an exponential Morse-type function 26 fitted to the ab initio total energies for a series of different volumes. The single-crystal elastic constants were determined according to the volumeconserving orthorhombic and monoclinic deformations, 19 and the polycrystalline elastic moduli were obtained via the Voigt-Reuss-Hill averaging method. 27 The temperature variation of structural parameter was derived by making use of the DebyeGrü neisen model. 26 
RESULTS AND DISCUSSION
Structural Stability and Curie Temperature Figure 1a shows the volume-dependent total energies of FeCoNiCu for fcc, bcc, and hcp structures within ferromagnetic (FM) and paramagnetic (PM) states, respectively. For clarity, all energies are plotted with respect to the equilibrium total energy of FM fcc. It can be seen that within the considered volume range, the fcc structure is energetically favorable over the bcc and hcp structures irrespective of the magnetic state. Extending this study to the FeCoNiCuX (X = V, Cr and Mn) system (Fig. 1b) shows the fcc structure to be the most stable phase among the three close-packed lattices. These theoretical predictions are in agreement with the experimental observation. 1, 17, [28] [29] [30] [31] [32] In Fig. 2a , we present the calculated lattice parameters for the FeCoNiCu and FeCoNiCuX (X = V, Cr and Mn) HEAs in fcc phase for both FM and PM states, along with the available experimental values. 1, 17, 30 In general, the two sets of data are in good agreement with each other, the average relative deviation between theory and experiment being below 0.7%. At the same time, alloying with Cr decreases the volume of the FeCoNiCu host, which is in line with the experimental observation. In contrast, a volume increase is predicted when equimolar V and Mn are introduced. This trend may be attributed by the larger atomic radius of V and Mn as compared with that of Cr. 33 Curie temperature (T C ) is an important magnetic parameter, which can be obtained from Monte-Carlo simulations based on the ab initio magnetic exchange integrals. Alternatively, T C can be estimated from the mean-field approximation 34 as
where k B is the Boltzmann constant, c is the concentration of the nonmagnetic component, and E PM and E FM are the equilibrium total energies for the PM and FM states, respectively. Figure 2b shows the calculated Curie temperatures for the FeCoNiCu and FeCoNiCuX (X = V, Cr and Mn) HEAs. The present results are in reasonable agreement with the available theoretical and experimental data. 30, 35 We predict that equimolar V, Cr, and Mn additions to FeCoNiCu decrease the Curie temperature from 796 K to 246 K, 251 K, and 146 K, respectively.
The magnetic moments for the FeCoNiCu and FeCoNiCuX (X = V, Cr and Mn) HEAs for the fcc structure at the corresponding equilibrium volumes are summarized in Table I . According to the present findings, in the FM state, the total magnetic moment per atom for FeCoNiCu is 1.23 l B , and it decreases to 0.64 l B , 0.55 l B , and 0.23 l B when adding equimolar V, Cr, and Mn, respectively. This trend is attributed to the magnetic moment of the additional alloying elements, which are antiparallel with that of the Fe-Co-Ni matrix. The changes in the magnetic moments correlate nicely with the trends obtained for the magnetic transition temperature, and the appearance of the V/Cr/Mn-matrix antiferromagnetic coupling explains the substantial drop in the Curie temperature as compared with the FeCoNiCu alloy.
Single-Crystal Elastic Constants
The elastic properties provide information of the behavior of solids under applied stress conditions. In cubic lattice, there are three independent elastic constants: C 11 , C 12 , and C 44 . The theoretical singlecrystal elastic constants for the FeCoNiCu and FeCoNiCuX (X = V, Cr, and Mn) HEAs at both FM and PM states are listed in Table II. The requirement of mechanical stability in a cubic lattice leads to the following restrictions: C 11 > 0, C 44 > 0, C 11 À C 12 > 0, and C 11 + 2C 12 > 0. 36 It is obvious that the calculated elastic constants for all alloys satisfy these mechanical stability conditions. Meanwhile, the tetragonal elastic constant C' decreases in both FM and PM states when adding equimolar V to FeCoNiCu, indicating V decreases the mechanical stability of the fcc phase. On the other hand, this trend is in line with the expectation based on the equilibrium total energies, namely, that the energy for the FM bcc state is very close to that of the FM fcc state as shown in Fig. 1b . 
Thermal Expansion, Elastic and Magnetic Properties of FeCoNiCu-Based High-Entropy Alloys Using First-Principle Theory
The three cubic elastic constants for FM (PM) FeCoNiCu are C 11 = 211.9 (213.1) GPa, C 12 = 157.8 (147.7) GPa, and C 44 = 126.9 (138.2) GPa, which yield 30.8 (9.5) GPa for the Cauchy pressure. We notice that FM (PM) FeCoNiCuMn has a Cauchy pressure of À15.4 (À16.5) GPa. In general, negative Cauchy pressure has been associated with the covalent nature of the metallic bond and is characteristic to brittle alloys. 37 Because of the change of the Cauchy pressure upon equimolar doping, we may conclude that the addition of Mn makes the FeCoNiCu especially brittle. In contrast, V improves the ductility of the host alloy.
Polycrystalline Elastic Moduli
It is known that shear modulus G represents the resistance to reversible deformations upon shear stress and that Young's modulus Y is defined as the ratio of the tensile stress to the corresponding tensile strain. 38 As indicated in Table II , we find a nearly linear relationship between G and Y for all alloys considered here. Such a trend is also revealed in many pure metals, as well as in conventional alloys and bulk metallic glasses. 39, 40 Moreover, the FeCoNiCuV possesses the lowest G and Y at both FM and PM states, which indicates that V decreases the stiffness of the host alloy.
We recall that the B/G ratio has often been used to describe the ductile/brittle behavior of materials. According to the Pugh criterion, 41 a high B/G ratio indicates a tendency for ductility, whereas a small one for brittleness with the critical value around 1.75. From Table II , we find that the FeCoNiCuMn possesses negative Cauchy pressure but with B/G ratio larger than 1.75. The reason for the slight ''inconsistency'' between the two empirical predictions for ductility based on Pugh ration and Cauchy pressure is the relative large elastic anisotropy, which results in great uncertainty in the predicted shear modulus. 42 Nevertheless, there is a clear correlation between the two ductility indicators as shown in Table II. The Debye temperature is an important parameter closely related to a large series of physical properties such as phonon free energy, specific heat, and melting temperature. Here the Debye temperature is estimated using the ab initio data obtained for the elastic constants. 19 The calculated sound velocity and Debye temperature as well as the density for the FeCoNiCu and FeCoNiCuX (X = V, Cr and Mn) HEAs are listed in Table II . We notice that the alloying effect on the Debye temperature is similar to that of shear modulus, indicating that harder material exhibits a higher Debye temperature. Unfortunately, we could not find any published experimental data on the Debye temperature of the present HEAs. Hence the theoretical results may provide guidance for further experimental works.
Thermal Expansion Coefficient
To compare our results with experiments or to predict the thermal properties of the present FeCoNiCu-based HEAs, we evaluate the thermal expansion coefficient (TEC) using the DebyeGrü neisen model in combination with the present theoretical Debye temperatures. 26 The TEC is related to anharmonic effects, which are responsible for the change of lattice's volume with temperature. The computed total energy as a function of volume in the static approximation is carried out to determine the structural parameters at ground state and then to derive the macroscopic properties as a function of temperature.
The variations of TEC with temperature for the FeCoNiCu and FeCoNiCuX (X = V, Cr and Mn) HEAs are presented in Fig. 3 . It is shown that for all alloys considered here, the TEC increases rapidly at low temperatures and gradually approaches a linear behavior at high temperatures. We find that the TEC of FeCoNiCu at 300 K is around 12.2-12.6 9 10 À6 K À1 , which is close to that of the other HEAs, e.g., $14 9 10 À6 K À1 for FeCoNiCr and $15 9 10 À6 K À1 for FeCoNiCrMn. 43, 44 In addition, the TEC for FeCoNiCu, FeCoNiCuV, and FeCoNiCuMn are similar, whereas that of FeCoNiCuCr is slightly higher. It is interesting to notice that austenitic stainless steels have similar thermal expansion coefficients as FeCoNiCuCr. For instance, the average room-temperature TEC for Fe 0.70 Cr 0.15 Ni 0.15 was reported to be 17.3 9 10 À6 K À1 . 45 The present Cr-free alloys have TEC close to ferritic steels instead. Our theoretical predictions for the TEC may be considered to be the first attempt to predict the thermal properties of these HEAs and to provide information for further studies on similar HEAs.
CONCLUSION
First-principle theory has been employed to investigate the magnetic, elastic, and thermal properties of FeCoNiCu and FeCoNiCuX (X = V, Cr and Mn) HEAs. The present ab initio calculations confirm the stability of the fcc structure relative to the other two close-packed lattices (hcp and bcc) for all alloys considered here. The calculated lattice parameters for the fcc phase are in good agreement with the available experimental data. The Curie temperature estimated from the mean field approximation decreases from 796 K to 246 K, 251 K, and 146 K when adding equimolar V, Cr, and Mn to the FeCoNiCu host, respectively. The magnetic moments for these alloys are analyzed to understand the fundamental characteristics of the magnetic phase transitions. The effects of the alloying element on the mechanical performance are discussed through the single-crystal and polycrystalline elastic modulus by making use of a series of phenomenological models. The thermal expansion coefficients of these alloys in the 0-1200 K temperature range are determined from the DebyeGrü neisen model. These alloys show similar thermal expansion behavior and have values of 11.6-17.6 9 10 À6 K À1 at room temperature. The present theoretical predictions can serve as a guide for future work on FeCoNiCu-based HEAs.
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